Honeybee salivary glands (SGs) are important exocrine glands. However, the molecular basis of how SGs fulfill their biological duty is still elusive. Proteomics and phosphoproteomics of cephalic SG (HSG) and thoracic SG (TSG) were compared between normal and single-cohort honeybee colonies. Of 113 and 64 differentially regulated proteins and phosphoproteins, 86 and 33 were identified, respectively. The SGs require a wide spectrum of proteins to support their multifaceted functions and ensure normal social management of the colony. Changes of protein expression and phosphoproteins are key role players. The HSG triggers labor transition from in-hive work to foraging activities via the regulation of juvenile hormone and ethyl oleate levels. The stronger expression of proteins involved in carbohydrate and energy metabolism, protein folding, protein metabolism, cellular homeostasis and cytoskeleton in TSG, supports the gland to efficiently enhance honey processing by synthesis and secretion of saliva into nectar.
Introduction
Age-dependent division of labor is a striking pattern of behavioral plasticity in honeybee colonies [1] . Honeybee workers begin their work within the hive by spending the first few weeks in activities including queen tending, brood rearing, and hive maintaining, and then later foraging for pollen, nectar, and propolis outside the hive [2] . The transition from in-hive work to foraging activities is a major change in honeybee lifestyle, which is influenced and modulated by several factors such as changes in endocrine and exocrine gland secretions [3] , brain structure [4] and gene expression [5] . The salivary system is exocrine glands that show a functional flexibility with age of honeybee workers [6] . The honeybee salivary glands (SGs), also known as labial glands, are composed of two parts, the cephalic SG (HSG) in the head and the thoracic SG (TSG) in the thorax, both of which connect through a common duct to the mouth [7] . The HSG and TSG begin to develop during the pupal period and progressively increase from the newly emerged workers to foragers, reaching their maximal size when the workers begin to forage [7] .
The larval SGs are the reservoir for the fatty acid esters that constitute brood pheromones, which modulate the behavioral development of young bees and stimulate the workers for pollen foraging [8] . The secretions of the adult females are functionally different from the larvae. The adult HSG produces an oily substance involved in wax manipulation, mouthpart lubrication [9] and releases of scent trails to mark the food source location [10] . The TSG produces an aqueous secretion mainly containing digestive enzymes that are involved in honey and sugar digestion as well as pollen and wax moistening [9] . However, the volatile secretions produced by worker honeybees are hydrocarbons which are important chemical signals for the worker bees' nestmate discrimination, colony identification, regulation of the age when honeybee workers begin to forage [7] and for adult behavior maturation [11] .
Single-cohort colonies are artificially established colonies that are composed entirely of the same aged young bees, without appropriate aged nurses and foragers. It is an ideal system to investigate the functional flexibility of SGs of the worker honeybees by comparison with the same aged workers of their parent colonies (normal ones). The secretion amount of the young nurse bees in single-cohort colonies does not differ from the old nurse bees in normal colonies [7] . This task-related rather than age-dependent mechanism is owed to the younger precocious forgers in single-cohort colonies striving to work earlier in order to overcome the imbalanced age distribution [7] . In the normal colony, the HSGs of nurse bees secrete an array of enzymes involved in carbohydrate metabolism that mainly function as a carbohydrate preservative [6] . In addition, the salivary system can synthesize growth factors such as imaginal disk growth factor 4 (Idgf4), which is then secreted into royal jelly and honey to further influence the growth and physiology of the other colony members [6] .
To date, proteomics has become an efficient interdisciplinary platform in the studies of honeybee biology, such as drone embryogenesis [12] , larval and hypopharyngeal gland development [13, 14] , and so on. However, only a few limited studies have so far been undertaken to compare the differences between the HSG and TSG of worker bees in the normal colonies [6] including targeted non-proteomic analysis of single or few proteins [15] . Given the importance of the salivary system of the worker bees in the colony organization, comparative analysis of the HSG and TSG between normal and single-cohort colonies using proteomic and phosphoproteomic approaches will gain in-depth understanding of the molecular basis and how the glands achieve their functionality. This may potentially be useful for the improvement of the glandular activities of the worker bees at molecular level, thus promoting honeybee colony maintenance, production efficiency and honey quality for the beekeeping industry.
2.
Materials and methods
Biological sample
Honeybees (Apis mellifera L.) were kept in the experimental apiary of Institute of Apicultural Research, Chinese Academy of Agricultural Sciences in Beijing. Five colonies with mated queens and sufficient broods were selected as the normal (control) colonies. Five other single-cohort colonies were established artificially with~2000 one-day-old honeybee workers each from the same normal parent colonies, one mated sister queen of the normal colony, one comb~one-quarter filled with nectar and one-eighth filled with pollen and one empty frame for the queen to lay eggs [16] . One-day-old bees were obtained by taking frames containing old pupae and placing them into an incubator (34°C and 80% relative humidity) for their eclosion. The nursing and foraging bees were collected from the normal and single-cohort colonies according to standard methods of identification: workers with heads in cells containing small larvae were identified as nurses, and bees flying into the hive with pollen loads or abdomens distended with nectar were recognized as foragers [17] . More than 50 honeybee nurses and foragers were captured from each control colony, then the TSGs of nurse bees (NNT) and foragers (NFT) and HSGs of nurse bees (NNH) and foragers (NFH) were dissected and each kind of sample was pooled together, respectively. The TSGs of nurse bees (SNT) and foragers (SFT) and HSGs of nurse bees (SNH) and foragers (SFH) from the single-cohort colonies were sampled on the same way. Three independent batches were collected and stored at −80°C until further analysis. in 90 μL lysis buffer (8 M urea, 2 M thiourea, 4% CHAPS, 20 mM Tris-base, 30 mM DTT, and 2% Biolyte pH 3-10) and mixed with 360 μL of rehydration buffer (8 M urea, 2% CHAPS, 0.001% bromophenol blue, 45 mM DTT, 0.2% Bio-lyte pH 3-10). The mixture was loaded onto a 17 cm IPG strips (pH 3-10, linear, Bio-Rad). IEF (Protean IEF Cell, Bio-Rad) and the second dimension electrophoresis, SDS-PAGE (Protean II Xi Cell, Bio-Rad), were performed according to documented method [18] .
2.3.
Fluorescent and CBB gel staining and image analysis
After 2-DE, the gels were fixed, followed by staining with Pro-Q Diamond (Invitrogen, Eugene, OR) to detect phosphoproteins. The total proteins were visualized by CBB G-250 [18] . The best three gels of each sample were selected for subsequent gel analysis using Progenesis SameSpots (v 4.1, Nonlinear Dynamic, UK). The gels matching, alignment, spots averaging and normalization as well as the protein expression level determination of a given spot and multi-test were done according to Han et al. [19] . The expression of protein spots was considered to be statistically significant when they had p < 0.05 and at least 1.5-fold changes.
Tryptic digestion and protein identification by MS
The differentially expressed protein spots were manually excised from the CBB-G 250 stained gels and protein digestion and peptides extraction were done according to our previously established protocol [18] . The digested peptides were then analyzed by high performance LC-Chip/ESI-QTOF-MS (Q-TOF 6520, Agilent Technologies). The LC-Chip (Agilent Technologies) consisted of a Zorbax 300SB-C18 enrichment column (40 nL, 5 μm) and a Zorbax 300SB-C18 analytical column (75 μm × 43 mm, 5 μm). An 8 μL of digested peptides was injected into MS. The following chromatography and MS analysis were carried out as in our already established protocol [20] .
Tandem mass spectra were retrieved using the MassHunter software (version B. 04, Agilent Technologies). Before MS/MS data searching, a peak-list was generated by Mascot Distiller (version 2.3.2.0, Matrix Science, UK). The data were stored in a combined mgf file and searched against a sequence database totaling to 72,672 entries and generated from protein sequences of Apis (downloaded May, 2011) augmented with sequences from Drosophila melanogaster (downloaded May, 2011), Sacharomyces cerevisiae (downloaded May, 2011) and the common repository of adventitious proteins (cRAP, from The Global Proteome Machine Organization, downloaded May, 2011) using in-house Mascot (version 2.3.2, Matrix Science, UK.). The searching parameters were as follows: fixed modification: carbamidomethyl (C); variable modifications: oxidation (M); taxonomy: all entries; enzyme: trypsin; missed cleavages: 1; peptide tolerance: ±50 ppm, MS/MS tolerance: ± 0.05 Da. Fig. 1 -2-DE images of honeybee salivary glands. a is 2-DE gels stained with the CBB G-250 and phosphoprotein-specific fluorescent dye (Pro-Q Diamond) of cephalic salivary glands of nurse bees from normal colonies (NNH) and single-cohort colonies (SNH), foragers from normal colonies (NFH) and single-cohort colonies (SFH), respectively. b is 2-DE gels stained with CBB and Pro-Q Diamond of thoracic salivary glands of nurse bees from normal colonies (NNT) and single-cohort colonies (SNT), foragers from normal colonies (NFT) and single-cohort colonies (SFT), respectively. Proteins are separated on 17 cm IPG gel strips (pI 3-10, Linear) with 400 μg of sample loading, followed by 12.5% SDS-PAGE. Differentially expressed protein spots of identified proteins are labeled with color codes, where black, red, blue and green indicate up-regulated in each gland.
2.5.
Quantitative and bioinformatics analysis
The expression profiles of all the identified proteins of the HSG and TSG from the normal and single-cohort colony of nursing and foraging workers were analyzed by using cluster analysis software (version 3.0). The identified proteins and phosphoproteins were annotated by searching against the Uniprot database (http://www. uniprot.org/) and grouped on the basis of their biological process of Gene Ontology (GO) terms. The biological interaction network (BIN) of the identified proteins was predicted using Pathway Studio (Ariadne Genomics, version 8.0) software as in a previous report [21] .
To enrich the identified proteins to specific GO terms, the protein list was analyzed by CluoGo software applied to the Drosophila database downloaded from the GO database (release date, April 19, 2012) . Ontology was selected as the biological process. Enrichment analysis was done by rightside hypergeometric statistical testing and the probability value was corrected by Bonferroni method.
Quantitative real-time PCR (qRT-PCR)
To test the protein expression at gene level, total RNA was extracted from the dissected samples (around 20 mg for each sample) using TRIzol regent (Takara Bio, Kyoto, Japan). Each sample was analyzed individually and processed in triplicate. Eight differentially expressed proteins from six major functional groups (carbohydrate and energy metabolism, protein folding, development, protein metabolism, cytoskeleton and cellular homeostasis) were selected to detect the corresponding mRNA expression levels on the basis of their connectivity in the network. Reverse transcription was performed using an RNA PCR Kit (Takara Bio, Kyoto, Japan), according to the manufacturer's instructions. Beta-tubulin was used as the reference gene. The real-time PCR experiment and following data analysis were carried out as in our previously reported protocol [22] .
Western blot analysis
To verify the results of differentially expressed proteins at the protein level, vha55, Hsp60 and Hsp83 were selected for western blot analysis. The primary rabbit polyclonal antibodies were anti-vha55, Hsp60, Hsp83 (Abcam, Cambridge, MA, USA) at dilutions of 1:2000, 1:3000, 1:3000, respectively. The secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit at a dilution of 1:10000. Each 14 μg sample was separated by stacking (4%) and separating (12%) the SDS-PAGE gels. Beta-tubulin was used as the reference and the western blot and data analysis were performed according to our previous method [22] .
Results
In order to gain better understanding of how the honeybee SGs carry out their biological missions during the life
Fig. 1 (continued).
transition from nursing to foraging, the proteome and phosphoproteome of honeybee worker SGs from normal and single-cohort colonies were analyzed. The number of total proteins varied from 242 to 317 of the SGs of nurse bees and foragers from the normal and single-cohort colonies, while the phosphoprotein spots visualized by Pro-Q Diamond varied from 83 to 101 ( Fig. 1 ), indicating that~32% of the total proteins were modified by phosphorylation. In total, 113 total protein spots and 64 phosphoprotein spots were altered in their expression (> 1.5-fold and p < 0.05). Of which 86 total protein spots and 33 phosphoprotein spots were successfully identified (Tables S1 and S2 ). The remaining proteins and phosphoproteins were unidentified due to their low abundance which resulted either in inability to produce enough MS/MS spectra or, in search scores too low to yield unambiguous results. Moreover, most of the highly sensitive fluorescent stained proteins were present in low abundance and under the detection limit of CBB stain during spot excision.
Qualitative comparisons of differentially expressed proteins
The 86 identified proteins (including 36 phosphoproteins), were classified into nine functional categories based on their biological activities (Fig. 2) . The most highly represented group was that of proteins related to carbohydrate and energy metabolism (37.2%, 23 proteins/32 spots), followed by proteins associated with cytoskeleton (16.3%, seven proteins/14 spots), protein folding (15.1%, 11 proteins with 13 spots), protein metabolism (8.1%, six proteins/seven spots), development (8.1%, seven proteins), lipid metabolism (5.8%, four proteins/ five spots), antioxidant activities (3.5%, three proteins), cellular homeostasis (3.5%, three proteins), and molecular transporter (2.4%, two proteins) (Fig. 2 , Table S1 ). The different species of some proteins, such as Mlc2, and their different distributions in gels might be caused by some post-translational modifications, e.g. phosphorylation, thus resulting in a shift of Mr and pI of these proteins [23] .
Although the number of up-regulated proteins was varied with the task dependent manner of the honeybee workers, the overall tendency was that the majority (48 out of 76 of HSG, Fig. 3a and 41 out of 69 in TSG, Fig. 3b ) of those differentially expressed proteins showed stronger expression in the head and thoracic glands of the workers in the normal colonies. As for the 33 phosphoproteins, cytoskeleton was the most represented form (10 proteins), followed by seven with folding functions. The others were involved in carbohydrate and energy metabolism (6), protein metabolism (4), development (3), molecular transporters (2), and cellular homeostasis (1) ( Table S2) . Fig. 4 -Unsupervised hierarchical biclustering analysis of the differentially expressed proteins in the salivary glands of honeybee workers. a is the results of the cephalic salivary gland of nurse bees from normal colonies (NNH) and single-cohort colonies (SNH), foragers from normal colonies (NFH) and single-cohort colonies (SFH), respectively. b is the results of thoracic salivary gland of nurse bees from normal colonies (NNT) and single-cohort colonies (SNT), foragers from normal colonies (NFT) and single-cohort colonies (SFT), respectively. The columns represent the different samples, and the rows represent the individual protein. The up-or down-regulated proteins are indicated in red and green, respectively. The intensity of the color increases with increasing expression differences as noted on the key bar on the top left side. Protein name is indicated on the right.
3.2.
Quantitative analysis of proteome and phosphoproteome Interestingly, the NFH and SFH, NNH and SNH (Fig. 4a) , NFT and SFT, NNT and SNT (Fig. 4b) were each clustered together, respectively, based on the unsupervised biclustering [24] .
For the total proteome, 76 identified protein spots significantly changed their expression in the HSG of honeybee workers in the normal and single-cohort colonies (Fig. 4a) . Of the 36 proteins up-regulated in the NFH, metabolism of carbohydrate and energy, and protein metabolism were the major protein families, accounting for 58.3% and 11.1%, respectively (Fig. S1, Table S3 ). In the SFH, of the 18 proteins which elevated their expression, proteins involved in carbohydrate and energy metabolism (38.8%), protein folding (22.2%) and cytoskeletal proteins (16.7%) were the major forms (Fig. S1 , Table S3 ). In addition, twelve proteins in seven functional groups and ten proteins in six functional groups were up-regulated in the NNH (Fig. S1 , Table S3 ) and SNH (Fig. S1, Table S3 ), respectively.
In the TSG, 69 proteins were differentially expressed in the normal and single-cohort colonies (Fig. 4b) . Of those 24 up-regulated in the NFT, proteins related to carbohydrate and energy metabolism (37.5%), protein folding (20.8%) and cytoskeletal proteins (20.8%) were the majority (Fig. S1, Table S3 ). Among the 15 proteins with escalated levels of expression in the SFT, the most highly represented group was involved in carbohydrate and energy metabolism (46.6%) (Fig. S1, Table S3 ). In regards to the NNT, 17 proteins implicated in carbohydrate and energy metabolism (35.3%), protein folding (17.6%) and development regulation (17.6%) were the main functional group (Fig. S1 , Table S3 ). Thirteen proteins were up-regulated in the SNT, the main functional categories were carbohydrate and energy metabolism (23.1%), cytoskeleton (23.1%), protein folding (15.4%) and cellular homeostasis (15.4%) (Fig. S1 , Table S3 ).
In respect to the 33 differentially expressed phosphoproteins in the honeybee SGs (Table S2 ), 27 proteins were differentially expressed in the HSG. Of which 13 proteins were strongly expressed in the NNH, and were associated with four cytoskeletal proteins, three carbohydrate and Fig. 5 -Predicted biological interaction network of the differentially expressed proteins and phosphoproteins in honeybee cephalic and thoracic salivary glands of normal and single-cohort colonies using Pathway Studio software. Those highlighted in green represent the key node proteins which altered their expression level. Protein entities which belong to distinct functional groups were represented in different shapes according to the default settings of the software as described in the legend.
energy metabolisms, three developments, two protein metabolisms and one with folding functions. In the NFH, six proteins had higher levels of expression, including four cytoskeletal proteins, one molecular transporter and one with folding functions (Table S4 ). In the SFH, seven differential proteins were enhanced in their expression and they were associated with one cytoskeletal protein, two protein metabolisms, one molecular transporter, two proteins with folding functions and one carbohydrate metabolism. In contrast, only one cytoskeletal protein was up-regulated in the SNH (Table S4) .
Among the 26 proteins that changed their expression in the TSG, 14 proteins involved in five functional groups had elevated expression in SFT, namely cytoskeletal (6), protein metabolism (3), protein folding (3), development (1), carbohydrate and energy metabolism (1), and protein metabolism (1) . Six proteins were up-regulated in the NFT, such as five cytoskeletal proteins and one related to carbohydrate and energy metabolism. Of the five up-regulated proteins in the NNT, four were related to protein folding and one was involved in developmental regulation. Only one protein was up-regulated in the SNT (Table S4 ).
BIN analysis and GO term enrichment
In total, 43 proteins were highly linked to the BIN as key node proteins in the SGs (Fig. 5 ). Proteins associated with carbohydrate and energy metabolism were the most highly represented (41.8%, 18 proteins). They were CG1516, Zw, CG7430, Eno, CG7920, Pgd, Idh, CG12262, Ald, l(1)g0334, Argk, Ter94, ATPsyn-beta, CG5362, Pglym78, CG8036, CG6084, and ATPsyn-d. The second largest group (18.6%, eight proteins) was proteins with folding functions, such as ERp60, Hsp60, Hsc70-4, Hsc70-5, Hsc70-3, Gp93, Hsp83
and PDI. The third largest was four protein metabolism related proteins (9.3%), i.e. pros29, prosbeta2, ef1gamma and eIF-5a. The other groups (30.3%) were: development (l(2)37 cc, Idgf4, 14-3-3zeta), cellular homeostasis (vha55, vha100-1, vha26), lipid metabolism (CG10527, MFE-2, Men), cytoskeletal proteins (Tm1 and Tm2) and two proteins with antioxidant activities (jafrac1 and trx-1). The identified proteins were significantly enriched in five functional groups, namely protein folding, carbohydrate and energy metabolism, cellular homeostasis, protein metabolism and antioxidant (Fig. 6) . The leading term (a term which is statistically highly significant or with the lowest p-value of each functional group) in protein folding was "protein folding" in which Crc, ERp60, Gp93, Hsc70-3, Hsc70-4, Hsc70-5, Hsp60, Hsp83, PDI and Clc were significantly enriched. With the "cellular homeostasis" as the leading term, CG7430, ERp60, Jafrac1, PDI, Trxr-1, vha100-1, and vha55 were significantly enriched. As for carbohydrate and energy metabolism, "glucose metabolic process" was the leading term and Ald, CG1516, Eno, Pgd, Pglym78, transaldolase, Zw, l(1)G0334 and CG7430 were significantly enriched. The leading term in protein metabolism was "translation elongation" and Ef1gamma, RpLP1, RpLP2, Cpa and eIF-5a were significantly enriched. Proteins related to antioxidant activities were significantly enriched for "response to oxygen level" with Ald and Trxr-1.
Test of differentially expressed proteins by qRT-PCR
To test the tendency of protein expression at the transcriptional level, eight key node proteins were selected in the BIN for qRT-PCR analysis. The mRNA expression levels of those genes, Pglym78, Argk, Hsp 60, eIF-5a, RpLp2, 14-3-3zeta, vha55 and Act42a were consistent with their protein expressional tendency from the 2-DE results (Fig. 7) .
Western blot analysis
The expressional tendency of the three proteins was further verified at the protein level by western blot analysis. Hsp60, Hsp83 and vha55 were generally consistent with the results of 2-DE analysis (Fig. 8) .
Discussion
In order to investigate the molecular basis underlying how the honeybee SGs achieve the multifaceted biological mission of efficient colony management, the proteome and phosphoproteome were compared between the SGs of nurse bees and foragers from the normal and single-cohort colony. The alterations of protein and phosphoprotein expression levels among the HSG and TSG are the major driving forces for the worker bees to accomplish their variety of duties in accordance with the different physiological status. The protein expression in the SG is task-related rather than age-dependent and HSG is the key role player in the regulation of transition from in-hive to foraging behavior through stronger expression of proteins related to metabolism of juvenile hormone (JH) and ethyl oleate (EO). The up-regulations of several arrays of proteins in the TSG play supporting roles in helping foragers processing honey by synthesis and secretion of saliva into nectar.
Most of the differentially expressed phosphoproteins are mainly implicated in cytoskeletal and proteins with folding activities. The phosphorylations of those proteins either play important roles in trafficking, or improving the folding efficiency of the chaperones and folding enzymes [25] , so as to satisfy the synthesis, transportation and secretion of proteins associated with regulation of labor-division in the HSG, or proteins involved in sugar digestion in the TSG to sufficiently convert polysaccharide (sucrose) to monosaccharide (glucose and fructose) thus improving the honey quality.
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Pglym78 Argk Argk Hsp60 Hsp60 eIF-5a eIF-5a Unsupervised hierarchical clustering is based on the degree of similarity among different datasets [26] , so the similar profiles among the datasets indicate intrinsic relations between them. The NFH and SFH, NNH and SNH, NFT and SFT, NNT and SNT were clustered together in pairs (Fig. 4) , indicating that they have similar protein expression patterns in each pair. Due to the fact that the young bees, especially foragers (~7-day-old), in single-cohort colonies begin their field activities much younger than that of normal colonies [27] , it is thus believed that the protein expression feature of the SG is task-related rather than age-dependent so as to guarantee the gland to perform their normal functionality in the single-cohort colony [16] . This provides the first evidence at the protein level in the aid of understanding this important aspect of honeybee biology.
Proteins related to carbohydrate and energy metabolism are necessary to produce energetic fuels for the living organism. The up-regulations of 21 proteins in the NFH are mainly involved in gluconeogenesis, tricarboxylic acid cycle, pentose-phosphate shunt, glycolysis, oxidative phosphorylation and ATP generation. They work together to cope with the extremely carbohydrate-rich diet [28] so as to satisfy the energy demand for normal functionality of HSG of worker bees. The large number of proteins up-regulated in the NFH is probably because the enhanced carbohydrate metabolism in the HSG demands high energetic fuels during foraging activities [29] . This is in line with a 15% increase in the metabolic rate in foragers at the onset of foraging compared to nurse bees [30] . In addition, the generated energy is likely being used to synthesize, sort, and transport the substances produced by the HSG involved in wax manipulation, mouthpart lubrication [9] , marking of a food source [10] and for the progressive development of the gland itself [31] . In contrast, the small number of proteins up-regulated in the SFH that coincide with the flight capacity of precocious foragers of the single-cohort colony is much lower and requires less energy consumption than that of normal-aged counterparts [32, 33] . It is well documented that the TSG is a gland where the enzymes involved in honey and sugar digestion are produced [9] . Those enzymes not identified in this study are likely due to the lower abundance that could not detected by 2-DE based proteomic, which is one of limitations of this traditional gel-based proteomic method [34] . However, we hypothesis that all the enzymes associated with successful conversion of sugar into honey should up-regulate both in NFT and SFT to achieve these biological roles [9] . This requires further research, which employs mass spectrometry based proteomics that could provide unbiased identification of both low and high abundant proteins in a biological sample [35] . The identification of differentially expressed proteins not related to sugar conversion may play a supporting role as an energy resource for the biosynthesis and secretion of those proteins. In the TSG, the strong expression of zwischenferment (Zw, spot 21), enolase (spot 29), aldolase (Ald, spots 40 and 41) and phosphoglyceromutase (Pglym78, spot 68) in the foraging workers of the normal colonies is used to generate metabolic fuel [29] in order to guarantee the digestive activities, and moistening of pollen and wax [9] , rather than for their own development since no morphology changes occur among the young bees and older foragers [36] . Almost all of the six phosphoproteins in this family are enzymes. The phosphorylation of these enzymes is thought to enhance their enzymatic activity and to supply sufficient energy, and help the glands to better fulfill their biological duties [37, 38] .
Protein metabolism is a bidirectional process involving protein synthesis and protein breakdown. Eukaryotic translation initiation factor 5A (eIF-5a), 60S acid ribosomal protein P1 and P2 (RpLP1 and RpLP2), and translation elongation factor
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Hsp60 Hsp60 Hsp83 Hsp83 Fig. 8 -Western blot analysis of heat shock protein 60 (Hsp60), heat shock protein 90 (Hsp 83) and vacuolar H+-ATPase 55 kDa (vha55). Protein samples were subjected to SDS-PAGE followed by western blot analysis. Hsp60, Hsp83 and vha55 were detected using corresponding antibodies, respectively. Beta-tubulin was used as reference control. The "closed" and "open" circles represent the fold changes of 2-DE and western blot analysis, respectively. Error bar is standard deviation.
1-gamma (Ef1gamma) all participate in the protein synthesis process [39, 40] . On the other hand, proteasome, such as proteasome 2 subunit CG3329 (prosbeta2) and proteasome subunit alpha type 4 (pros29), are involved in protein degradation under the control of proteasome-ubiquitin system [41] . The up-regulation of eIF-5a (spot 79), RpLP2 (spot 82), pros29 (spot 74) and prosbeta2 (spot 76) in the NFH is to satisfy the intensification of glandular activity in foragers [42] . The similar number of proteins elevated their expression in the NFT, SFT, NNT and SNT and may be attributed to their similar protein metabolism activities, which is in line with little variation in the amount of rough endoplasmic reticulum (RER) in TSG [43] . The up-regulation of phosphorylated eIF-5a (spot 79), RpLP1(spot 81) and RpLP2 (spot 82) in SFT, is to improve the synthesis of proteins related to honey and sugar digestions to satisfy the colony needs because the synthesis rate of precocious foragers is lower relative to their normal counterparts [7] . This in line with the findings that their activities are improved after phosphorylation [44] .
As for the exocrine glands, the secretary pathway of honeybee SGs demands a strict quality control (QC) mechanism for protein synthesis. Under the guidance of this QC system, the newly synthesized proteins are folded into their native conformations before their transportation [45] . Since the foragers have higher amounts of secretion than the nurses in the HSG [31] , more chaperones and folding enzymes are involved in the QC system, such as the heat shock protein family (Hsps), lectins (clathrin, Clc and calreticulin, Crc) and protein disulfide-isomerase (PDI) are needed in the NFH and SFH than in the NNH and SNH to facilitate the proper folding of those nascent proteins. Toward this goal, the up-regulation of phosphoproteins in the NFH (Clc, spot 60) and SFH (PDI, spots 14 and 15) is to increase the folding efficiency by enhancing their association to the unfolded and/or misfolded proteins [25] . The high number of proteins strongly expressed in the NFT is thought necessary to satisfy the folding demand because the secretion amount in the TSG reaches the peak level in the foraging period [43] .
During the honeybee behavioral development, increasing the JH titer makes bees begin foraging earlier than average [16] . In contrast, EO can delay the onset of foraging by inhibiting the biosynthesis of JH [11] . The protein CG10527 plays a key role in the biosynthesis of JH precursor [46, 47] , while the fatty acyl-CoA reductase (FAR) is related to the production of EO [48] . The up-regulation of CG10527 (spot 25) and down-regulation of FAR1 (spot 75) in SFH indicate a higher JH level but lower EO level in the small-cohort colony than that of the normal one. As a result, the foraging behavior of young bees is earlier in the small-cohort but the premature is delayed in the normal colony. This is in well agreement with the "activator-inhibitor" model in nursing-foraging transition [16] and indicates that the HSG plays important roles in the labor division of honeybee workers.
Chemosensory proteins (Csps) have multiple functions ranging from embryonic development to chemosensory signal transduction [49] . The phosphorylated Csp1 (spot 84) in the NNH is supposed to enable nestmates recognition by solubilizing cuticular hydrocarbons as in ants [50] . While the strongly expressed Csp3 (spot 85) in the NFH might act as a chemical messenger carrier to deliver semiochemicals by the foragers and guide the nestmate to a food-rich place in the field more quickly and efficiently than that of SFH [51, 52] .
Cytoskeletal proteins play important roles in intracellular transport, cellular division and maintaining the stability of the cell shape [53, 54] . Actin related protein (Acp) contributes to actin filament assembly and intracellular vesicular transport [55] . Myosin II, whose activity is controlled by the phosphorylation of myosin regulatory light chain 2 (Mlc2) [56] , is required for formation and release of specific vesicle subtypes in Golgi and trans-Golgi networks [57] . Tropomyosin 1 (Tm1), together with Tm2, can remarkably improve microfilament organization [58] . The phosphorylation of Tm1 can increase cell contractility [59] . The up-regulation and phosphorylation of Acp1 (spot 77) and Mlc2 (spots 53, 54, 57 and 58) in the NNH and Mlc2 (spots 53, 54, 57 and 58) in the NFH are not only critical for the trafficking of the oily substance produced by the HSG [9] because vesicles are the main carrier for lipid droplet transportation, but it also is involved in the progressive development of the HSG itself. The similar number of proteins up-regulated in the NFT, SFT, NNT and SNT, respectively, is in line with the report that no significant morphology changes occur from young bees to older foragers [60] . The up-regulations of protein and phosphoproteins, Mlc2, Tm1 and Tm2 in NFT, SFT, NNT and SNT are supposed to facilitate secretion by maintaining the proper shape of the secretory cells [61] [62] [63] or increasing cell contractility during the secretory activities [59] .
Cellular homeostasis in the external environment is critical for facilitating normal cellular function. An appropriate pH value is vital for the performance of secretion and the posttranslational modifications and processing of secreted proteins are impaired [64] , cargo is misdirected [65] when the pH gradient across Golgi membranes collapsed. Therefore, the up-regulations of V-ATPase, vacuolar H+-ATPase 55 kDa B subunit (vha55, spot 23) in the NFH, vacuolar ATP synthase subunit E (vha26, spot 67) in the SNH and NFT, vha55 (spot 23) and vha100-1 CG1709 (vha100-1, spot 78) in the SNT are thought to be responsible for the acidification of secretory vesicles in order to guarantee successful protein sorting, trafficking and modification [66] . The strong expression of phosphoprotein vha100-1 (spot 78) in the SNT is believed to restore the activity of this V-ATPase [67] because its activity can be impaired by starvation in the case of food shortage in the single-cohort colony [68] .
Growth factors are important for the regulation of the organ development in honeybees [69] . The identification of Idgf4 in this study is consistent with the fact that it is synthesized by the honeybee SGs [6] . The strongly expressed Idgf4 (spot 32) in the NNH is secreted into royal jelly [6] to stimulate the proliferation, polarization and motility of imaginal disk cells of honeybee larvae with the aiding of insulin-like peptides [70] during the nursing activities. The strong expression of TCTP (spot 63) in SNH and NNT suggests a role in regulation of the cell cycle since the silencing of TCTP can lead to growth defects in Drosophila [71] . The expression of Ann IX (spot 48) in this study is likely to be involved in exocytosis [72] and its strong expression in the NNH and NNT manifests its role in assistance of secretion cargo via participation of intralumenal vesicle formation [73] . Typically, the secretion activity of honeybee SGs is innervated [36] and the expression of 14-3-3 proteins may participate in the regulation of secretion signal [74] . The up-regulation of 14-3-3epsilon (spot 61) in the NFH may ascribe to the relative higher secretion activity which needs more regulatory proteins to supervise the signal transduction. The phosphorylation of 14-3-3 may make it more sensitive to the secretion signals to secrete enzymes involved in nectar conversion during foraging because phosphorylated 14-3-3 zeta makes cells more susceptible to apoptotic signals [75] . The identified MRJP1 in the NNH and SNH indicates that the HSG has the ability to synthesize MRJPs while TSG does not [6] It may relate to regulating the development of the HSG and the phosphorylation could enhance the cell proliferation as it did in the honeybee brain [76] .
Antioxidants are used to protect the tissues and organs from the oxidative damage of the ROS [77] . It is known that thioredoxin reductase 1 (Trxr-1), glutathione S transferase S1 (GstS1), and thioredoxin peroxidase 1 (Jafrac1) are all acted as antioxidant proteins [78] [79] [80] . The up-regulation of Trxr-1 (spot 30) in the NFH and NFT, and GstS1 (spot 72) in the SFH and SFT, indicates roles to cope with the enhanced ROS resulted from the higher metabolic rate in foragers than in nurse bees [29] . The up-regulation of Jafrac1 (spot 73) in the NNH and NNT is to intensify the resistance to toxicity of hydrogen peroxide [81] produced during the nursing activities in order to maintain their normal functions.
As is well known, the majority of proteins in the living cell interact with others for proper biological activities and the significant overrepresented GO terms could determine hypotheses for the biological events behind the proteome data. Therefore, the proteins networked in the BIN and the significant enriched GO terms signify their centrality for functionality as key node proteins and their principal roles at pathway level for the honeybee SGs. For example, proteins are involve in carbohydrate and energy metabolism, protein folding, protein metabolism, cellular homeostasis and antioxidant activities. For those key node proteins identified in the BIN, they have potential to be used as target proteins for further functional assays through RNAi, to improve the gland performance on the basis of the tested results at gene and protein levels. This provides a sound clue for the reverse genetic manipulation of honeybee SGs to selectively enhance their performance via target proteins thus promoting productivity of the honeybee colony.
Conclusions
This study of the proteome and phosphoproteome enables us for the first time to gain a new insight into the molecular underpinning of how the SGs of the honeybee workers accomplish their biological missions, through comparison of normal and single-cohort honeybee colonies. To fulfill the biological duty, the SGs require a wide spectrum of proteins to support their multifaceted functions and ensure normal social management of the colony. Change of protein expression and phosphorylation status are major role players related to carbohydrate and energy metabolism, protein folding, cellular homeostasis, protein metabolism, cytoskeleton, molecular transporter, lipid metabolism, development, major royal jelly protein and antioxidant activities. The HSG triggers labor transition from in-hive work to foraging activities via the regulation of JH and EO levels, while the stronger expressions of proteins involved in carbohydrate and energy metabolism, protein folding, protein metabolism, cellular homeostasis and cytoskeleton in TSG, support the gland to efficiently enhance honey processing by synthesis and secretion of saliva into nectar during foraging. To maintain efficient social colony management, appropriate demographic structure with correct age is of paramount importance to increase the colony production efficiency. Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jprot.2013.05.021.
